Introduction
============

The c-kit receptor (CD117) is a transmembrane protein with tyrosine kinase activity encoded by the oncogene c-kit. It is an important member of type III receptor tyrosine kinase family; other tyrosine kinase receptor molecules include macrophage colony-stimulating factor receptor (M-CSFR), platelet-derived growth factor (PDGF) and flk2/flk3 receptor and so on. The ligand for c-kit is stem cell factor (SCF), a hematopoietic cytokine, which plays an important role in maintaining the survival of hematopoietic cells, promoting hematopoietic cell proliferation and differentiation, and regulating growth and development of hematopoietic cells [@B1]. Generally, SCF dimer forms complexes with two molecules of the extracellular domain of c-kit to activate downstream signal transduction and then regulate a variety of cells biological behavior, such as normal cells proliferation and differentiation, tumor occurrence, development, migration and recurrence [@B2]-[@B4]. Recent studies show that the abnormal expression genes and abnormal expression products caused by c-kit mutations are the key reason for gastrointestinal stromal tumour [@B5]. The c-kit as a target for tumor treatment is a hot topic at the current moment. Here we describe the major structural, functional features of c-kit.

The structure of c-kit receptor
===============================

The human receptor tyrosine kinase (RTK) c-kit (also referred to as stem cell factor receptor or CD117) was identified and characterized in 1987 as the cellular homologue [@B6] of the viral oncogene v-kit which was isolated in 1986 from a feline retrovirus [@B7]. The c-kit gene is the allele of the white spot dominant gene. Human c-kit cDNA was first isolated from the fetal brain cDNA library (Fig. [1](#F1){ref-type="fig"}). Human c-kit proto-oncogene locates on chromosome 4q11∼12 and has a total length of 90 kb. The coded product c-kit receptor (CD117) is a type I transmembrane glycoprotein of relative molecular mass of 145 kDa and belongs to the type III receptor tyrosine kinase family. C-kit is highly conserved in the evolution. And the c-kit receptor is composed of 976 amino acids (aa) divided into an extra-cellular domain with 519 aa, a trans-membrane domain with 23 aa, an intracellular tail of 433 aa consisting of a juxta-membrane domain and a tyrosine kinase domain inserted by about 80 amino acid residues [@B5] (Fig. [2](#F2){ref-type="fig"}). The extra-cellular domain contains five immunoglobulin-like domains (D1∼D5), D1∼D3 of which as the key component of c-kit binding to SCF, and D4∼D5 of which are the essential region of dimerization [@B8]. The membrane region near the dimerization domain (exon 8 and exon 9), the intra-cellular domain close to the membrane and the kinase domain (exon 17) are often prone to mutations. In addition, the tyrosine kinase domain which contains autophosphorylation tyrosine kinase functions as homodimers with phosphatidylinositol kinase. Subsequently downstream signal transduction molecules can be activated through the formation of the c-kit/SCF complex, and then regulate gene expression and cell growth, proliferation and differentiation.

The subtypes of c-kit receptor have been characterized. These involve the presence or absence of the Gly-Asn-Asn-Lys (510-GNNK-513) sequence in the extra-cellular domain adjacent to the trans-membrane domain and the presence or absence of a Ser residue at position 715 in the inter-kinase domain [@B9], but the correlation between the GNNK^+/-^ subtypes and the Ser^+/-^subtypes is unclear. The finding that the GNNK^+/-^ subtypes of c-kit possess different signal transduction properties may be due to the differential recruitment and activation of Src family kinases [@B9], [@B10]. Furthermore, the Ser^+/-^subtypes likely have different roles has to be studied. In addition, there is s-kit formation which may be the antagonist of c-kit, which can inhibit the combination of c-kit and SCF or regulate the biological activity of the local SCF.

The distribution of c-kit receptor
==================================

C-kit receptor is widely distributed in hematopoietic cells and other tissue cells. In healthy people, approximately 1% to 4% of bone marrow stem cells and 60% to 75% of CD34^+^positive hematopoietic cells express c-kit receptor. C-kit-dependent cell types include hematopoietic cells, germ cells, mast cells, melanoma cells and the gastrointestinal tract cajal cells. Adult mice oocytes express c-kit receptor while the surrounding granulosa cells express stem cell factor SCF. Studies reported that 66.3% of the germ cells and the sperm express c-kit receptor, which is in the fact that each type of germ cells can be isolated from human semen by using anti-CD117 monoclonal antibody [@B11]. It has also been found that c-kit function defects can cause abnormal peripheral nerve regeneration and spatial memory impairment [@B12]. Interestingly, the approximately 85% of the B cell progenitors also express c-kit receptor, but it is gradually disappearing with cell differentiation and maturation. The approximately 30% of CD4^-^, CD8^-^, CD3^-^B cells present the expression of c-kit receptor. In addition, c-kit receptor was also found in skin appendages, the breast epithelial cells and the small neurons in the brain. C-kit^+^ cells from human fetal liver have been studied, the data suggest that c-kit receptor plays a role in the liver stem cell growth and development [@B13].

The signaling pathway of c-kit receptor
=======================================

C-kit signaling plays a very important role in regulation of the red blood cell production, lymphocyte proliferation, mast cell development and function, melanin formation, and gamete formation. Specific binding of SCF can induce homologous dimerization, and drives downstream signal transduction pathway. It subsequently regulates gene expression and cell growth, proliferation and differentiation.

The activation mechanism of c-kit receptor
==========================================

The activation mechanism of c-kit receptor was studied by Satoru Yuzawa, et al [@B14]. The c-kit extra-cellular domain composed of five Ig-like domains (D1∼D5) can be divided into three separate functional units depending on the biochemical functions (Fig. [3](#F3){ref-type="fig"}): D1-D2-D3 is a particular unit binding to SCF; the second functional unit is formed by this SCF binding unit and a D4; on the basis of second functional unit, the third functional unit is constituted through a flexible joint to connect D5. Further, the strong electrostatic environment of D4 can induce repulsion between D4-D4 and maintain the inactive monomer. As both D4-D4 and D5-D5 binding affinity is respectively lower in the absence of SCF, c-kit extra-cellular domains are not easy to form dimers. When the local concentration of the SCF-mediated c-kit receptor reaches a certain value, the adjacent D4s will overcome the electrostatic repulsion and combine into the D4-D4 form. The transverse D4-D4 and D5-D5 interaction may accumulate and stabilize the two adjacent membrane proximal external regions of the c-kit extra-cellular domain. In case of SCF ligand and c-kit receptor combination there may be two steps: first, SCF integrates with the corresponding domain of c-kit by electrostatic attraction between SCF and D1-D2-D3 functional unit [@B15]; second, SCF conformation changes can mediate other functions to make the SCF/c-kit complex structure more stable. Also, SCF-induced c-kit receptor dimerization can cause a series of changes on D4 and D5 domains, but D1-D2-D3 domains which bind SCF are almost unchanged, leading to that the specific conformation that the C-terminal of D5 will move to the cell membrane can occur during the dimerization. It is worth noting that Arg381 or Glu386 point mutation of D4 domain can make a huge impact on c-kit receptor tyrosine auto-phosphorylation and downstream signal transduction pathways.

SCF/c-kit downstream signal transduction pathway
================================================

C-kit receptor downstream signal transduction pathways have been described in different cell lines. Mast cells are the most commonly used cell type for signal study. Transient transfection systems can also be used, such as HEK293 cells or Cos cells. Furthermore, some scientists use chimeric objects, for example the fusion chimera combines epidermal growth factor (EGF) receptor and c-kit receptor extracellular part. SCF/c-kit downstream signal transduction pathways are very complex and currently known signal transduction pathways are as follows (Fig. [4](#F4){ref-type="fig"}).

Ras/Erk signal transduction pathway [@B16]: Ras/Erk pathway plays a very important role in cell differentiation and survival. That RTK collaborates with GDP/GTP exchange factor Sos can activate Ras. Sos and adapter protein Grb2 form a complex through SH2, and then raise to membrane to act on Ras. Activated Ras can activate the Ser/Thr kinase Raf-1 which can then activate the dual specificity kinases Mek1 and Mek2. Phosphorylation of Mek1 and Mek2 can re-activate Erk1 and Erk2. Subsequently, dimerization Erks move to the nucleus and regulate gene activities.

PI3K signal transduction pathway [@B17]: After c-kit receptor activation, PI3K dimerizes through SH2 and then recruits to membrane. SH2 which contains an adapter protein of 85 kDa connects 110 kDa esterase subunits to c-kit receptor. As PI3K produces a series of biological signals on the membrane, signal transduction molecules downstream of PI3K are activated and cell survival and anglogenesis are regulated.

PLC-γ signaling transduction pathway [@B18]: Phospholipase (PLC) PLC-γ contains two SH2 domains, a SH3 domain, a PH domain and a catalytic domain. PLC-γ can catalyze phosphoinositide PIP2 to generate second messenger diacylglycerol (DAG) and soluble inositol 1,4,5-trisphosphate (IP3). DAG can activate PKC; IP3 then binds to the endoplasmic reticulum to stimulate the release of Ca^+^.

Src kinase signal transduction pathway [@B19]: Src kinase is related to a series of cell functions including cell survival, angiogenesis, proliferation, motility, migration and invasion. Src kinase which contains SH2, SH3, the N-terminal kinase domain and a fourteen alkylation site plays the role of anchoring to membrane. And Src kinase activation has to do with GNNK sequence. More importantly, GNNK^-^form can be faster and more intense to activate this kinase.

JAK/STAT signaling pathway [@B20]: JAKs are cytoplasmic tyrosine kinases. The c-kit receptor can be fast and transient to activate JAK2 [@B21]. Then, activated JAKs can make the transcription factor STATs phosphorylation and dimerization. Finally, dimerized STATs transfer to the nucleus and regulate cell proliferation, differentiation and apoptosis.

The c-kit receptor mutation in tumors
=====================================

Human c-kit receptor loss of function mutations can cause autosomal mottle disease [@B22]. This syndrome is characterized by hair and skin pigmentation abnormalities, deafness and megacolon. Gain of function mutations can be found in GIST (\>90%), mast cell tumor (\>70%), nasal T-cell lymphomas (\>17%), seminoma / dysgerminoma (\> 9%) [@B23] and acute myeloid leukemia (\>68%) [@B24]. Mutations often occur in membrane proximal immunoglobulin-like domain (D5, exon 8 and exon 9), near membrane domain (exon 11) and the tyrosine kinase domain (exon 17) and include missing, point mutation, duplication and insertion that can lead to c-kit receptor activation. More evidence demonstrated that exon 11 and exon 17 mutations can reduce the body\'s self-inhibition which results in sustained c-kit receptor activation [@B25]. But the mechanism of exon 8 and exon 9 mutations has yet to be studied. Exon 8 deletion or insertion mutations (either missing or replaced Asp419) are found in acute myeloid leukemia (AML). And the repeat sequences Ala503∼Tyr502 and Ala502∼Phe506 are found in gastrointestinal stromal tumors (GIST). Almost all of the activation mutations of proto-oncogene occur in the D5-D5 surface and these mutations can enhance the affinity of adjacent D5-D5 domain [@B14]. In addition, the paracrine or autocrine activation of c-kit receptor may play an important role in many other human malignancies, such as ovarian cancer, small cell lung cancer and other tumors [@B23], [@B26].

The c-kit receptor mutations in GIST
====================================

The gastrointestinal stromal tumors (GIST) originates in gastrointestinal tract Cajal cells and approximately 70% of these tumors occur in the stomach, 20-30% in the small intestine, and less than 10% in the esophagus, colon, appendix, and rectum combined. A majority of GIST are benign; 10-30% are malignant. The c-kit receptor is positively immunostained in 95% GIST samples and it has become an important indicator for the diagnosis of GIST [@B27]. In case of mutations, c-kit and PDGFR mutations are the main reasons in GIST. In the approximately 20% to 80% of GIST patients, moreover, occurred c-kit gene gain of function mutations [@B28]. Also WeiLien Wang et al. reported that in 419 cases of GIST, mutations in c-kit exons 9,11, 13 and 17 occurred in 73%, 10%, 3% and 1%, respectively [@B29]. The c-kit mutations were classified as several forms, common deletions, point mutations, and occasionally insert mutation, counting up to 150 kinds of mutations which occur mainly in membrane proximal domain (exon 11), and these mutations show the extreme diversity of this region. However, mutations followed mainly occur in extracellular domain (exon 9), rarely occur in the kinase domain (exon 13 and exon 17) and ATP binding domain (exon 14). Significantly, different mutations may suggest different biological effects and different treatment options. The clinical manifestations of GIST are associated with the tumor site. Small intestine GIST was easily deteriorated and had a death rate of 39 percent which was twice more than stomach GIST [@B30]. Chizuru Sogawa et al. found that ^111^In labeled anti-c-kit monoclonal antibody probe had a very good sensitivity and specificity to detect GIST in nude mice [@B31]. While Chisato Yoshida et al. reported that ^64^Cu labeled anti-c-kit monoclonal antibody probe for PET image was clearer than ^111^In labeled one [@B32]. Because of the genetic differences between human and mouse, the animal also deserve a deeper investigation.

The c-kit receptor mutations in leukemia
========================================

Leukemia is a primary malignant tumor of the hematopoietic system with treatment difficulties and high recurrence rate. Effective forecasting and monitoring means to improve leukemia efficacy and prolong the lives of patients is of great significance. Studies have shown that c-kit receptor was expressed in 68% of acute myeloid leukemia (AML) patients and in 80% of chronic myelogenous leukemia in blast phase patients but in only 2% of acute lymphoid leukemia patients [@B24]. Further research also found that c-kit receptor positive AML patients survived significantly shorter than the c-kit receptor negative AML patients and c-kit receptor high expressed patients at low complete remission rate [@B33]. And approximately 30% of AML patients acquired c-kit receptor gene mutations mainly occurred in exon 8 and exon 17, which, especially the latter, are closely related to poor prognosis of AML. Furthermore, these mutations were revealed such as c-kit mutations in exon 8 and Asp816 mutations in both inv (16) AML and t (8; 21) (q22; q22) AML [@B34], and c-kit Asp816Val and Asp816His mutations [@B35]. Therefore, c-kit receptor plays an important role in AML complete remission and recurrence. The c-kit receptor positive expressed patients have low complete remission rate and tend to relapse despite complete remission. Hence, the expression of c-kit can be used as an indicator of

The c-kit receptor mutations in other tumors
============================================

The c-kit receptor is also expressed in bone marrow tumor, germ cell tumors, mast cell cancer, prostate cancer, glial cancer, small cell lung cancer, some non-small cell lung cancer and other tumors. In some sarcomas, such as angiosarcoma and Ewing\'s sarcoma, different levels of c-kit expression are shown, but whether c-kit is expressed in synovial sarcoma, leiomyosarcoma and malignant fibrous histiocytoma is still controversial. Several study results have indicated that the lymph nodes in Hodgkin\'s lymphoma express c-kit receptor but the non-Hodgkin\'s lymphoma have no c-kit receptor expression except for degenerative large cell lymphoma [@B36]. 24.1% of c-kit positive expression was observed in adenocarcinoma which was less than the level of 45.8% in normal colorectal tissues [@B37]. In addition, approximately 36% of primary malignant melanomas are c-kit immunohistochemical positive. In 20 cases of primary anal mucosal melanoma samples tested by Antonescu et al. it was observed that 15% of the samples had point mutations and 1/3 of the mutated samples increased gene copy numbers [@B38]. Moreover, the mutation types of melanoma usually are substitution and mutations rarely occur in exon 9 which is the difference between GISTS. Recent data have ascertained that different parts of the melanoma have different c-kit gene copy numbers; non-skin melanoma c-kit gene copy numbers are higher than skin melanoma. In addition, Aishan Li et al. reported the fact that 69.2% of small cell lung cancer (SCLC) organizations also expressed c-kit receptor, and exon 9 and exon 11 mutations were detected by immunohistochemistry method [@B39].

The c-kit receptor-targeted therapies
=====================================

Cancer is a major disease threatening human health and the whole world has been paying close attention to its treatment. Traditional chemotherapy is not completely effective for much tumor treatment because of their nonspecific blocking tumor cells division and damage to normal cells. Also the GIST patients with complete resection still have a very high risk of recurrent. The appearance and development of c-kit antibodies, especially the monoclonal antibodies, promote the research of c-kit receptor for continuous activation mechanism. It is generally believed that, the dimerization of c-kit receptor is closely related to its continuous activation and thereby it is considered to be c-kit receptor-related tumor pathogenesis. With in-depth broadband research to c-kit receptor, therefore, molecular targeted therapy due to its specificity and low toxicity is increasingly becoming a hot spot.

Imatinib mesylate is one of the first examples of the successful solid tumor treatment with a tyrosine kinase-targeted drug in humans, which is first designed for chronic myelogenous leukemia. It can inhibit enzymatic activity of several tyrosine kinases including c-kit and the platelet-derived growth factor receptor. Later imatinib was gradually applied to treat GIST with good results [@B40]. GIST patients treated with imatinib had a control rate of 80% to 90%, most showed partial remission, 12% showed complete remission [@B41]. The sensitivity of imatinib is closely related to c-kit receptor gene. Xiaofeng Jiang et al. demonstrated that imatinib could inhibit c-kit mutated mucosal melanoma cells proliferation with induced apoptosis and reduced downstream signaling regulatory molecules (p42/44, AKT, MTOR, STAT1, STAT3, P70S6K, S6K, etc.) but the wild-type had no changes [@B42]. Yongsheng Ma et al. also reported that different types of the c-kit mutation showed different sensitivity to c-kit kinase inhibitors and classifications of mutation exhibited prediction in selecting drugs [@B43]. Unfortunately, most of patients will gradually develop resistance to imatinib. 9% to 14% of GIST patients treated with imatinib in the first three months will have an early resistance; while the average progression-free survival would develop with disease progression after 24 months and then have acquired resistance to imatinib [@B44]. The resistance mechanism may be ascribed to: the occurrence of c-kit gene secondary mutations [@B45], c-kit gene amplification in a large number, the absence of wild-type allele, or lack of blood concentration of imatinib. Because of resistance to imatinib, a novel and effective inhibitor with no/little resistance has to be explored.

Sunitinib is the second generation of multi-target tyrosine kinase receptor inhibitor approved by the FDA in 2006 and the second-line drugs for imatinib-resistant GIST patients that may extend survival. The sensitivity of sunitinib is also related to the state of c-kit gene. More recently, Ashida et al. investigated six acral melanoma cell lines, indicating that sunitinib was better sensitive to c-kit D820Y mutant cells with the secondary resistance to imatinib while the wild type cells did not change [@B46]. However, although Sunitinib can delay tumor process, the vast majority of patients will eventually develop resistance [@B47]. Hence, we need to discover more effective second-line and third-line drugs against resistance, such as, sorafenib, dovitinib, PKC412, axitinib, INNO-406, KRN951, dasatinib, pazopanib, ABT-869 and other multi-target tyrosine kinase inhibitors have been being tested in recent years. A phase II clinical trial has shown that dasatinib has good activity to imatinib-resistant or non-resistant chronic myelogenous leukemia patients [@B48]. While ABT-869 can inhibit Ewing\'s sarcoma cell proliferation by blocking c-kit receptor signaling pathway [@B49].

Cancer as a very complex disease can not be effectively eradicated by tyrosine kinase inhibitor treatment strategies and there are some side effects with treatment. Thus in recent years, in order to search for the new generation of more effective anticancer agents, novel treatment strategies with small molecules directed to new targets have gradually emerged. Researchers always attempted to discover that such small molecule targeted drugs can maximize efficacy with minimal dose and maximally reduce the adverse reactions of kinase inhibitors. With the in-depth understanding of the relationship between telomeric G-quadruplex and tumors it was found that G-rich promoter region of gene DNA sequence can be induced to form G-quadruplex in vitro/vivo which can inhibit telomerase activity in approximately 85% of cancers. In case of oncogene c-kit, the parallel crystal structure of a c-kit promoter G-quadruplex was first reported, indicating that as well as the observation of potassium and magnesium ions, a highly significant difference in the dimensions of the large cleft in the structure may be a potential target for small molecules [@B50]. To date, the research on the small molecule ligands targeting the c-kit gene promoter region attracts more attention. For example it was reported that 6-substituted indenoisoquinoline [@B51] (Fig. [5](#F5){ref-type="fig"}A), benzo\[α\]phenoxazine derivatives [@B52] (Fig. [5](#F5){ref-type="fig"}B), peptide nucleic acid (PNA) [@B53] and other small molecule ligands, which functions as potential anti-cancer drugs, can stabilize G-quadruplex and consequently effectively block the transcription of c-kit gene.

Prospects
=========

C-kit is a suitable target for future drug development for the treatment of a multitude of human malignancies related to c-kit. However, some mechanism on cancer-related signal transduction downstream of c-kit is not very clear such as c-kit overexpression mechanisms in these tumors, and the correlation between c-kit mutations. And because of its diverse causes, irregular development, unstable phenotype, complex proliferation and differentiation mechanisms, multiple cellular signal transduction pathways and other features, the treatment of cancer is very difficult. The treatment with single target drugs achieves rather difficultly expected results. Although the multi-target drugs have made great progress in cancer therapy, many kinase inhibitors also inhibit the normal signal transduction pathways. Collectively, the low toxicity and multi-target anti-cancer drugs are the trend to study. Moreover G-rich region of c-kit receptor promoter has become an important potential target. As there exists the differential resistance for different cancer patients, besides efficiency and low toxicity target drugs we should further need to consider about other characteristics of tumors to implement joint and individualized treatment programs.
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![**Human c-kit cDNA clones.** Human c-kit cDNA clones (green bars) from human fetal brain (HFB) λgt10 cDNA libraries are shown with a schematic diagram of the predicted c-kit mRNA. Cloning sequences (blue bar) and untranslated regions (red bar) are indicated.](ijbsv09p0435g01){#F1}

![**Schematic representation of the structure of c-kit.**The extra-cellular domain consists of five Ig-like domains (D1-D5). The sequence GNNK (a tetrapeptide sequence) is either present or absent in the extra-cellular domain near the plasma membrane of c-kit (GNNK^+^ or GNNK^-^). The intracellular domain contains the tyrosine kinase domain, which is split into two parts by the amino acid residues insert sequence.](ijbsv09p0435g02){#F2}

![**Interactions of the c-kit dimer.**When the dimerization of the c-kit is induced by SCF, D1-D3 remains unchanged, whereas D4 and D5 become reoriented to reach each other by overcoming the electrostatic repulsion. Left structure shows the model of c-kit dimer with two free c-kit molecules. Right structure shows that the D4-D4 and D5-D5 domains are in close proximity in actual SCF-induced c-kit dimer.](ijbsv09p0435g03){#F3}

![**A proposed structure of RTK downstream signal transduction pathways.**Ras/Erk signal (green color) leads to activation of the RAS-RAF-MEK-ERK pathway. PI3K signal (purple color) is associated with anglogenesis and cell survival. PLC-γ signal (light blue color) regulates cell proliferation and survival. Src signal (yellow color) plays a key role in several signal transduction pathways involved in cell survival, proliferation, motility, migration, invasion and anglogenesis. JAK/STAT signal (blue color) implicates in cell proliferation, differentiation and apoptosis.](ijbsv09p0435g04){#F4}

![Structure of indenoisoquinoline (A) and benzo\[α\]phenoxazine derivatives (B).](ijbsv09p0435g05){#F5}
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